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Introduction 44
A record of the age of individual organisms can manifest as annual rings or bands in hard skeletal 45 structures if growth is subject to cyclic variation in environmental conditions, such as seasons. 46
Dendrochronology, for example, uses tree rings to determine age and improve the understanding 47 specimens and their exuviae were frozen immediately after recovery for subsequent dissections 158 and analysis. Intermoult specimens used for comparisons of gastric mill ossicles were taken from 159 holding aquaria, cold-anaesthetised for 20 minutes, and subsequently sacrificed for dissections. 160
Dissections and sample preparation 161
In total, two specimens of H. gammarus, seven of N. norvegicus, three of Necora puber, and six 162 specimens of C. pagurus were dissected for comparisons of gastric mill ossicles in different moult 163 stages (see suppl. Table 1 ). The foregut was dissected out of fresh or defrosted samples. Gastric 164 mills were immersed in a solution of 10% potassium hydroxide in distilled water and boiled for 165 10-25 minutes to remove soft tissues to improve observations. Gastric mills were then opened 166 through a longitudinal incision on the ventral face to expose the zygocardiac, urocardiac, 167 mesocardiac and pterocardiac ossicles. The stomach content of freshly moulted specimens was 168 searched for ossicles. The gastric mills in exuviae were soft and collapsed and therefore immersed 169 in distilled water to facilitate dissections and observation. Samples were studied and 170 photographed using an Olympus SZX16 dissection microscope equipped with an Olympus E600 171 camera. Images were processed in Adobe Photoshop version CS5.1 and assembled to figure plates. 172
Microscopic visualisation 173
Gastric mills were preserved in a mix of glycerol, distilled water and a 96% ethanol solution 174 (30:10:60) for two weeks and then immersed in a potassium hydroxide (KOH) solution and boiled 175 for 10-25 minutes to remove soft tissues before gastric mills were dissected and ossicles 176 extracted. Ossicles were subsequently air-dryed, embedded in epoxy resin (Logitech Epo-Flo type 177 301) and hardened overnight at 40°C. Sample blocks were then cut with a Logitech GTS10 178 diamond saw and processed in a diamond lab. Blocks were polished using silicate carbide grinding 179 paper at grade 320 and loose silicon carbide powder at grade 600 on a glass plate. The processed 180 surfaces of sample blocks were glued on glass slides. A Jones-Shipman 540 surface grinder was 181 used to produce a section thickness of 180-250 µm. Sections were subsequently polished using a 182 WG2 Logitech polishing unit and studied and photographed using an Olympus BX41 compound 183 microscope equipped with an Olympus E600 camera. Images were processed and assembled to 184 figure plates in Adobe Photoshop (ver. CS5.1). 185
One specimen of N. norvegicus close to moulting was used for paraffin histology at Queen's 186 University Marine Laboratory in Portaferry (Northern Ireland). The gastric mill was dissected and 187 preserved in "Susa Heidenhain" (MORPHISTO® Evolutionsforschung und Anwendung GmbH,using an Olympus BX41 compound microscope equipped with an Olympus E600 camera. Images 197 were processed and assembled to figure plates in Adobe Photoshop (ver. CS5.1). 198
The thorax of a specimen of N. norvegicus (see Table 2 ) was prepared for tomography by 199 dehydration through an ascending ethanol series and chemically dried using 200 hexamethyldisilazane (HMDS). The micro-computed tomography scan was conducted at the 201 Museum für Naturkunde Berlin (Germany) using a Phoenix nanotom X-ray|s tube at 100 kV and 202 Scanning electron micrographs were obtained in cryo conditions with a Cryo SEM (Jeol JSM7500F) 216 equipped with a cryo preparation system (Gatan Inc., ALTO-2500, Abingdon). Samples were 217 plunge frozen in liquid nitrogen slurry, transferred into the cryo-stage of the preparation chamber 218 (-130°C) , and cracked open with a scalpel blade. Sublimation was performed heating the sample 219 preparation chamber from -130°C to -95°C (which took approximately 5 minutes) to remove 220 contamination by condensed ice crystals. To avoid charging artifacts, samples were palladium 221 sputter coated (3 nm thickness) in the frozen condition. Imaging was performed using a gas cooledgrowth dynamics of the gastric mill in recently-moulted specimens demonstrate that the ossicles 227
were not retained through the moult in the lobster species studied, H. gammarus (Fig. 3) and N. 228 norvegicus (Figs. 4, 5) , nor in the crab species N. puber (Fig. 6 ) and C. pagurus (Fig. 7) . Histological 229 sections of premoult N. norvegicus further confirm that the banded endocuticle is completely shed 230 (Fig. 8) . 231
Cuticle structure 232
Our data on the fate and growth dynamics of gastric mill ossicles includes two major lines of 233 evidence. First, a combination of microscopic visualisation techniques allowed us to infer the 234 internal construction of previously described bands within the cuticle. Sections of gastric mill 235 ossicles showed cuticle bands (Fig. 1) . However, the readability of sections cut at ~200 µm varied. 236
In images obtained from synchrotron micro-computed tomography at three-dimensional 237 resolutions of ~8 µm, internal bands of differential density were visible (Fig. 2a) . In cryo-scanning 238 electron micrographs, bands were not visible at the same scale as seen via other techniques, only 239 the internal plywood structure of the cuticle was apparent (Fig. 2b) . This incidates that the 240 variation in material density within the cuticle is not readily visible from surface structure (SEM), 241 but it is only observable when viewed by x-ray or transmitted light. 242
Moulting experiments 243
The second major line of evidence comprises data from whole animals observed through the 244 moulting process in several species. The gastric mill in all the study species is located anterior to 245 the heart, directly below the dorsal carapace (Figs. 3a, 5) . In intermoult specimens, gastric mill 246 ossicles are calcified, which is visually apparent from their white to creamy colour and 247 opaqueness (Figs. 3b, c, 4b, 7b) . In freshly moulted specimens, the gastric teeth are present but 248 the ossicles remain incomplete, they lack calcification and therefore appear translucent (Figs. 4c,  249 6d, 7c). This is also the case in the gastric mill seen in the moulted exuvia; the teeth are complete 250 but the underlying ossicles are absent (Fig. 6b, c) . The missing parts of ossicles were found loose 251 in the stomach of one freshly moulted specimen of H. gammarus and five specimens of N. 252 norvegicus among the disintegrated subunits of the gastroliths (Figs. 3d, 4d , e, 5). However, only 253 in very soft, presumably just recently moulted specimens, the stomach was filled with gastrolith 254 material and different sets of ossicles. Due to the moult occurring during the night, the exact delay 255 between moulting and specimen recovery could not be determined.
were found with the zygocardiac and pteriocardiac ossicles of each body half attached to each 258 other (Figs. 3d) . Furthermore, the transversely elongated mesocardiac ossicle was present plus 259 an additional pair of ossicles, we could not further determine (Figs. 3d). The very soft H. gammarus 260 specimen, which was recovered the morning after the overnight moult (assumably up to 12 hours 261 postmoult) had ossicles and gastrolith material in the stomach content, while the intermoult 262 specimen had food remains in the stomach while ossicles and gastrolith material were absent. 263
Gastrolith material (Fig. 4d, 5 ) and zygocardiac, pterocardiac and mesocardiac ossicles (Figs. 4e, 264 5) were present in the stomach of five specimens of N. norvegicus recovered the day after an 265 overnight moult (maximum up to 18 hours postmoult). In specimens that were recovered later 266 than 24 h post-moulting, and in which the hardening of the exoskeleton had progressed, ossicles 267 and remains of gastroliths were absent. At approximately 36-48 hours after the moult, specimens 268 of N. norvegicus generally resumed feeding, and in five specimens sacrificed at this stage the 269 stomach was filled with crushed food remains rather than gastrolith material (not listed in suppl. 270 Table 1 ). 271
Necora puber did not moult on a regular basis in our experimental tanks. Out of the two specimens 272 we recovered, one was very soft and the zygocardiac and pterocardiac ossicles were recovered 273 from the stomach content (Fig. 6d) . The other specimen was slightly harder and food remains 274 were found in the stomach, indicating that the specimen had already resumed feeding. 275
The two specimens of C. pagurus, which had moulted in our tank were discovered when they were 276 only slightly soft. The three specimens received from fishermen were however extremely soft, but 277 the exact time elapsed since moulting was unknown as the moult occurred in a deployed creel. In 278 contrast to the other species, in C. pagurus, the stomach of the three freshly moulted specimens 279 was found to be empty. Even in extremely soft, jelly-like specimens of freshly moulted C. pagurus, 280
ossicles were not present in the gastric mill, nor were any food remains apparent. However, in 281 recently moulted specimens of C. pagurus (as in all studied species), the gastric mill ossicles were 282 completely decalcified and translucent (compare Fig. 7b and c). The same uncalcified gastric 283 ossicle precursors were observed in H. gammerus, N. norvegicus and N. puber (Figs. 4c, 6d), and 284 any observed variation in colour or texture is likely to be related to the unquantified time elapse 285 between actual moult and preservation of specimens. 286 287
Light microscopic observations 288
of the old cuticle that is going to be shed at the imminent moult and the new cuticle which is 290 forming underneath simultaneously (Fig. 8) . The zygocardiac ossicles were easily identified in 291 transverse sections of the gastric mill by their paired structure and the gastric teeth which are 292 characterised by a thick red-staining epicuticle that impregnates the tooth (Fig. 8a-d) . Sections of 293 the zygocardiac ossicle in the region of the tooth show the thick old cuticle (Fig. 8a, b) already 294 delaminated from the gastric tooth. All cuticle layers (endo-, exo-, and epicuticle) are present in 295 the old cuticle and will be shed at the moult. Underneath the old cuticle, a new cuticle has started 296 to form by secretions of the hypodermis of the gastric tooth (Fig. 8a, c, d ). The new cuticle is still 297 incomplete and is composed only of the thick red-staining epicuticle and a thin underlying 298 exocuticle, which is still incomplete (Fig. 8d ). An endocuticle has not yet formed (Fig. 8d) . The 299 basal region of the zygocardiac ossicle, which contains the cuticle bands interpreted as annual 300 bands, is structurally different from the gastric tooth by having a very thin epicuticle (Fig. 8e, f) ; 301 however, the signs of an imminent moult are the same as in the tooth: all layers of the old cuticle, 302 also the endocuticle which contains light and dark bands, are delaminated from the underlying 303 hypodermis which is secreting the new cuticle (Fig. 8f) . 304 305
Discussion 306

Overview 307
The study presented herein confirms that the cuticle of gastric mill ossicles appears banded in 308 some regions. Those bands could be visualised by light microscopy and x-ray tomography, but 309
were not apparent on the microarchitectural level studied by cryo-SEM. Our results demonstrate 310 that the dorsal ossicle complex in the gastric mill (including the parts that contain cuticle bands) 311
is not retained, but shed and replaced through the moult, and therefore cannot accumulate a 312 growth record in the form of annual bands. 313
There would be great value in a tool to directly determine the chronological age of crustaceans; 314 however, previous work interpreting bands in the endocuticle of gastric mill ossicles as an it is useful to consider a thought experiment about the fate of the skeleton during ecdysis. We have 322
shown that the gastric mill ossicles are lost and not retained as a skeletal structure through the 323 moulting process. Yet the gastric mill is a highly complex structure so it is worth some further 324 consideration on where the ossicles fit within the gastric complex, and how are they identified in 325 the skeleton and postmoult exuvia. 326
The cuticle during the moult cycle 327
The moult cycle of crustaceans can be divided into different stages (Roer and Dillaman, 1984). The 328 intermoult is the hard-shelled equilibrium condition in which a crustacean spends most of its 329 lifetime. The early premoult is characterised by a delamination of the old cuticle from the 330 underlying hypodermis, to prepare for the formation of a new cuticle. Mineral resorption and the 331 formation of the new epi-and endocuticle take place in the late premoult, thus the next skeleton 332 is a separate structure, in place underneath the old skeleton before moulting, though it remains 333 soft. The old cuticle is shed, revealing a soft-shelled crustacean. The deposition of the new 334 endocuticle and the mineralisation of the procuticle occurs gradually after moulting; it can take 335 several days to complete this process before a specimen has fully hardened (Roer and Dillaman, 336
1984). 337
The gastric mill is part of this skeletonised foregut, and includes structures that are supported by 338 numerous paired and unpaired calcified skeletal elements, the ossicles, on which the stomach 339 musculature attaches. Several ossicles carry teeth and form a chewing apparatus, the gastric mill 340 (Maynard and Dando, 1974;  Figs. 3-7) . The epicuticle of the teeth is impregnated with silica, which 341
gives them an amber-coloured appearance (Vatcher et al., 2015 ; Figs. 3c, 5b, c, 7b) . The largest 342 and most dominant structures of the dorsal ossicle complex within the gastric mill have been used 343 as putative ageing structures (see Table 1 ). Importantly, these structures are still connected 344 within the crustacean skeleton, all have the same ectodermal developmental origin, and all parts 345 suffer the same fate and are completely replaced episodically during ecdysis. 346
The structures within the gastric mill are complex and the individual ossicles are often challenging 347 to identify. The paired zygocardiac ossicles are located laterally on each side of the gastric mill 348 and form the lateral tooth plate. The central unpaired urocardiac ossicle carries the median tooth 349 plate and is anteriorly connected to the mesocardiac ossicle, which is flanked on both sides by the 350 paired pterocardiac ossicles (Davie et al., 2008; Figs. 3c, 5b, c, 7b) . Some of the previous ageing 351 work was not consistent with regard to which ossicles have been used and in which orientation 352 they were sectioned (see Table 1 ). The structure of ossicles can vary among decapod crustaceans, found that gastric mill ossicles were lost during the moult. 368
The dynamics of gastric mill ossicles during the moult 369
That gastric mill ossicles are subject to ecdysis has been demonstrated unequivocally in the 370 present study through 1) the observation of not fully calcified, incomplete ossicles in freshly 371 moulted specimens of all four studied species (Figs. 4c, 6d, 7d) , and 2) the finding of loose, shed 372 ossicles within the stomach contents of recently moulted specimens of H. gammarus, N. norvegicus 373 and N. puber (Figs. 3d, 4e, 3, 6e) . If a skeletal element is shed during the moult, ipso facto it cannot 374 be growing in a continuous way that would record chronological age. 375
The foregut of decapod crustaceans is a complex organ with a multitude of morphologically 376 varying ossicles (Brösing, 2002) , such that identification and classification of individual 377 component structures can be very challenging. Different species examined herein showed 378 different sets of ossicles among the disintegrated gastroliths in the stomach. In the lobsters, H. 379 gammarus and N. norvegicus, the transversely elongated mesocardiac ossicle was present 380 together with the paired zygocardiac and pterocardiac ossicles. In N. puber, only the zygo-and 381 pterocardiac ossicles were present while the mesocardiac ossicle was not found. The meoscardiac 382 ossicle in crabs is smaller and less calcified than the homologous structure in lobsters; this relative 383 fragility might explain why it was not recovered from the stomach in N. puber. In H. gammerus, an 384 additional distinctive pair of ossicles was found but we were not able to definitively identify it. We 385 also note that other ossicles may have been overlooked in the present study, due to destruction 386 during the moult and because most of them are much smaller than the prominent teeth-bearing 387 ossicles mentioned above.established for these individuals. In contrast to our findings for the other study species, in which 391 the stomach was either filled with ossicles or food remains, the stomachs of C. pagurus were 392 completely empty. This may suggest that resorption and remobilisation of minerals may occur 393 differently in C. pagurus than in the other species, but importantly the ossicles were definitively 394 not retained in the skeleton. We also investigated the gastric mill in exuvia of the studied species, 395 revealing similarities with the gastric mills of freshly moulted specimens, in the lack of 396 calcification and a resulting transparency of ossicles. The same was observed in an earlier study 397 by Brösing (2014), who investigated the foregut in exuviae of several decapod species (C. pagurus, 398
Maja crispata and Pseudosesarma moeschi) and found that ossicles of the gastric mill were 399 incomplete, degraded and decalcified. The gastric teeth, however, were present and complete in 400 the exuviae of those species. The observation of incomplete gastric mills in exuviae may explain 401 why earlier studies concluded that these internalized structures are not shed but retained through 402 moulting. Kilada et al. (2012) correctly described that the mesocardiac ossicle was missing in 403 exuviae of H. americanus, and the swamp crayfish, Procambarus clarkii. However, their conclusion 404 that the mesocardiac ossicle must be retained in these two species is neither supported by our 405 direct observations in the present species, nor by the nature of ecdysis. In particular, considering 406 species as closely related as H. americanus and H. gammarus, it is hard to imagine that effects of 407 moulting on the gastric mill would be variable. We found it challenging to control the timing and 408 fate of moulting specimens; other reports of calcified gastric ossicles shortly after moulting 409 
Gastric mill ossicles do not preserve chronological age 414
Advocates of ageing crustaceans by counting annual bands have used different approaches to 415 support the idea that gastric mill ossicles are sustained through the moult and could therefore 416 retain record of growth and age. It may seem enigmatic that internal body parts, such as the gastric 417 mill, would be shed. This may have contributed to the idea that ossicles are excluded from the 418 process of moulting. However, our evidence clearly demonstrates that the ossicles are not fully 419 developed in soft specimens immediately after the moult. 420
The idea of structures being retained through the moult was apparently supported by previous 421 evidence from live staining with the fluorescent marker calcein. The persistence of this markerexperiments, and the anatomical explanation for their observations. Specimens of H. americanus 425 (Kilada et al., 2012 ) and the red claw crayfish Cherax quadricarinatus (Leland et al., 2015) were 426 dyed with the fluorescent marker calcein that binds to calcium. The live specimens were then 427 allowed to moult several times before they were sacrificed. In both studies, the calcein mark was 428 still present in the cuticle after the moult. This was interpreted as evidence for trans-moult 429 and the hypodermis of those structures had then secreted additional cuticle layers during growth 435 after the stain was applied, then the calcein mark should be found more distally in the endocuticle. 436
But in fact, the cuticle does not grow during the intermoult, it is only formed during ecdysis (Roer 437 and Dillaman, 1984), and it must always grow outward. Leland et al. (2015) also studied the fate 438 of calcein marks in the endocuticle during the moult cycle: in five of nine specimens of C. 439 quadricarinatus used in their experiment a mark was present after one year and several moults; 440 the exact positions of these marks was however highly variable. 441
The most likely explanation for the detection of calcein marks in specimens which have been 442 stained and allowed to moult afterwards is the resorption and remobilisation of calcium as 443 suggested by Sheridan et al. (2016) . Crustaceans are under high selective pressure to make the 444 moulting process as efficient as possible, because they are so vulnerable. In this circumstance, it 445 makes sense that the material for a large solid calcified structure would be rapidly re-integrated 446 into the new skeleton. However, it clearly is shed into the stomach, and then reintegrated later. 447
This transition, and concomitant degradation during digestion, means that the structure cannot 448 accumulate data about chronological age. remobilized calcium carbonate is unlikely to be incorporated solely into the most proximal 456 endocuticle but should be rather distributed throughout the whole layer. According to our point 457 of view, the understanding of the control and process of incorporating remobilized minerals fromstructures before we have achieved a deeper understanding on the interaction of resorption and 465 remobilization of minerals during the moult. Previous evidence of retained calcified parts in the 466 gastric mill ossicles apparently was an artefact of resorbed and re-used calcium. 467
Potential mechanisms for cuticle bands 468
The primary remaining argument that cuticle bands represent a record of chronological age, is the 469 correlation between band counts and size-based age estimates. It is well established that such a 470 correlation exists, and that the banding structures are visible. Positive linear correlation of band 471 counts and age have been reported in several species (e.g. Hasyima Ismail et al., 2017) , and there 472 is also a positive correlation of chronological age with both ossicle size and cuticle thickness 473 (Leland and Bucher, 2017) : the crustacean cuticle is thicker in older specimens, and has more 474
bands. 475
A general relationship between cuticle thickness and body size is obvious when comparing 476 differently sized individuals within a species: larger specimens have a thicker exoskeleton that is 477
harder to crack open. However, this correlation has hardly been studied and the exact allometric 478 relationship is not clear. The thickness of the cuticle also varies during the different episodes of 479 the moult cycle; most obviously, the cuticle is thinner immediately after the moult before the 480 endocuticle deposition is completed. Unpublished data suggests the allometry of the thickness 481 deficit in the first week after moulting -the amount of thickening still required to fully harden the 482 carapace -also increases with individual size, in in the snow crab Chionecetes opilio (pers. com. 483
Bernard Sainte-Marie, 2018). A possible explanation for this phenomenon is that the endocuticle 484 deposition and mineralisation takes longer in larger than in smaller specimens. 485
It seems likely that the number of any repetitive occurring cuticle layer increases with cuticle 486 thickness. While we do not understand the cause and relevance of the cuticle bands interpreted 487 as growth marks, the relationship between cuticle thickness and specimen size has the potential 488 to explain why cuticle band counts are positively correlated to specimen size. A possible 489 explanation for cuticle banding is available from comparison with studies on other arthropods.endocuticle bands in these studies strongly ressemble the cuticle bands in crustaceans. In some 495 insects, these cuticle bands record number of days that passed after the last moult during cuticle 496 hardening. Endocuticle formation can take 2-3 weeks in locusts (Neville, 1965) , and once this 497 process is completed, no further layers are added. 498
In crustaceans, the cuticle bands may also represent the length of time required to complete 499 cuticle deposition after the moult. Clearly the carapace is thicker in older specimens, and may form 500 more bands as it takes longer to harden. The observation that female snow crabs, C. opilio, have 501 significantly more cuticle bands in the eyestalks than males at the same size is consistent with the 502 knowledge that females grow more slowly than males in this species (Kilada et al. 2012) ; however, 503 it may be that cuticle deposition takes longer in females if their metabolism is generally slower, 504 or that cuticle thickness or density varies allometrically with age as well as size. Banding 505 apparently thus has a secondary correlation to chronological age, which could explain results 506 published in previous studies where banding and known age are correlated. But this somewhat 507 tenuous secondary correlation, and the clear evidence that bands are not a direct record of annual 508 increments, indicates that banding is not a reliable indicator of age. 509 510
Conclusions and future directions 511
Since the first proposal of direct age determination for crustaceans through presumed annual 512 growth bands in gastric mill ossicles, this method has been increasingly used (e.g. Clore, 2014; 513 Tang et al., 2015; Ibrahim and Kilada, 2016; see Table 1 ). The approach of analysing growth bands 514 in enduring hard structures has been directly transferred from fisheries biology to crustaceans 515 (Leland et al., 2011) , without considering the striking differences in growth mechanisms. In non-516 crustacean organisms that possess annual or otherwise periodic bands or rings, growth is 517 necessarily a continuous process, such that seasonal conditions that influence metabolism are 518 reflected in differentiated growth increments. Growth in crustaceans is profoundly different from 519 this model. As in all arthropods, growth in crustaceans is a discontinuous process. Being cast in a 520 rigid, calcified exoskeleton, crustacean growth is a periodic event rather than a continuous 521 process, and body size increase is only possible through moulting. Studies using presumed growth 522 bands in crustaceans have been predominantly within the field of applied sciences, where thesedata are sorely needed, but previous studies did not consider the fundamental mechanisms that 524 might be held responsible for the formation of bands in the endocuticle. 525
Before demographic data collected through cuticle band counts for a certain species are 526 implemented into stock assessment for fisheries and conservation management, the dynamics of 527 anatomical ageing structures during the moult should be studied. An explanation for the close 528 match of band counts with age estimates based on growth models , 529 might arise with a deeper understanding of the underlying processes in the formation of bands in 530 the endocuticle. There are certainly bands that can be observed in the endocuticle, but we contend 531 they do not represent annual growth increments that indicate chronological age. However, the 532 mechanism that causes these patterns is not clear. There are other fine lamellation patterns that 533 have been described in the procuticle of arthropods and are known to be caused by the twisted 534 
